1,5-Anhydro-D-fructose (AF) is a monosaccharide produced by the action of α-1,4-glucanlyase (EC 4.2.2.13) on α-1,4-glucans.
1,2) AF is a useful food ingredient in our daily life because of its antioxidative and antibacterial activities. 3, 4) In recent years, a method has been developed for the mass production of AF, thereby enabling its supply to food producers.
5)
While AF is identifi ed as an intermediate of in vivo metabolism of glycogen and starch, 1, 6) several AF metabolites have antibacterial activities, including microthecin and ascopyrone P, which are pyrone compounds from Morchella vulgaris and Anthracobia melaloma, respectively. 7, 8) The NADPH-dependent reductase from Sinorhizobium morelense reduces AF to 1,5-anhydro-D-mannitol (AM).
9) Another AF derivative, 1,5-Anhydro-D-glucitol (AG), is synthesized from AF by chemical or enzymatic reduction.
10) This molecule occurs naturally in microorganisms, plants and animals at microgram levels per gram of tissue weight. 11 13) In mammals, AG is synthesized by 1,5-anhydro-D-fructose reductase (AFR). 14) In Escherichia coli, AF is synthesized from glycogen, as in mammals, and then converted to AG. 15) Hence, natural AG is synthesized from AF, which is produced by the action of α-1,4-glucanlyase on α-1,4-glucans such as glycogen and starch in animals and plants, 12, 13) and by glucosidase in yeast. 16) The AG content of human blood is maintained at approximately 20 μg/mL, although in cases of high blood glucose concentrations, such as in diabetic patients, AG levels are decreased by competitive reabsorption of AG and glucose in the kidney. 17) This decrease refl ects short term (48 h to two weeks) glucose levels, and thereby provides a clinical marker of glycemic control.
18) Radioactivity expelled in the breath of rats and mice administered 14 C labeled-AG was shown to be less than 1% of the dose administered over 48 h, 19) indicating that AG is metabolically stable. Meat, cereals, beans and vegetables contain 0.5 22 μg/g AG, with soybeans having the highest content (22 μg/g).
13) AG at a concentration of 0.61 mM in a medium was also shown to stimulate insulin release from insulinoma-derived cells when these cells were stimulated by 20 mM glucose. 20) Based on the properties described above, AG may be used as a new food material. We are therefore interested in developing a method for producing AG as a food material from AF. In general, sugar alcohols are produced on an industrial scale by a hydrogen addition method that uses Pd or Ni as catalysts. 21) Andersen et al. reported that hydrogen reduction of AF using Pd as a catalyst resulted in production of AG and AM, a C2 epimer of AG, at a ratio of 1:4.
22) Chemical reduction is therefore an ineffi cient method for producing AG. Accordingly, we searched for microorganisms with the ability to convert AF to AG and found that Saccharomyces cerevisiae, used in the food industry, produces AG from AF.
In this study, we purifi ed the enzyme responsible for the conversion of AF to AG in S. cerevisiae and investigated its properties. In addition, we developed a method for preparing AG using the isolated enzyme.
MATERIALS AND METHODS
Chemicals. AF was prepared as described previously.
3)
AM was synthesized by the method reported by Andersen et al. with some modifi cations: Aqueous AF (0.6 mM) was hydrogenated at 70 C for 1 h under 0.8 MPa pressure using 20% Ni as a catalyst.
22) The resulting AM was purifi ed by HPLC (Jasco Corporation, Tokyo, Japan). AG, coenzymes, D-and L-forms of reducing sugars, and organic chemicals were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). TOYOPEARL-DEAE 650M, TOYOPE-ARL-Super Q 650M, TOYOPEARL-AF-Red 650M, TOYOPEARL-AF-Blue HC 650M, TSKgel Phenyl-5PW and TSKgel Super SW 3000 were purchased from Tosoh Corporation (Tokyo, Japan), and YMC-Pack PROTEIN-RP and Hydrosphere C 18 columns were purchased from YMC Co., Ltd. (Kyoto, Japan). All the other chemicals used in this study were of analytical grade. Microbes and growth conditions. S. cerevisiae NBRC 0210 was provided by the National Institute of Technology and Evaluation, Japan. Yeast were cultivated in 5 mL of YPD medium (1% yeast extract, 2% peptone and 2% glucose) in a test tube at 30 C for 24 h, and later transferred to 100 mL of the same media in a shaking fl ask. After 10 h of cultivation, AF was added to the medium to a fi nal concentration of 60 mM for effi cient conversion of AF to AG and AM. Cultivation was performed at 30 C for 48 h, and growth of yeast was monitored by measuring turbidity at 600 nm. Analytical methods. Analysis of sugars in the medium was performed using HPLC with a refractive index detector (Jasco Corporation) and a MITSUBISHI MCI GEL CK 08 S column (Mitsubishi Chemical Corporation, Tokyo, Japan). The column was eluted with water at 40 C with a fl ow rate of 1.0 mL/min. The products of the enzyme reaction were analyzed by high performance anion exchange chromatography using a pulsed amperometric detector system (HPAEC-PAD) and a Carbo Pack MA 1 column (Nihon Dionex K.K., Osaka, Japan), eluting with 0.5 M NaOH at 35 C and a fl ow rate of 0.4 mL/min. The 1 H-NMR spectra were recorded in D2O using a UNITY INOVA 500 spectrometer (VALIAN Medical Systems, Inc., Palo Alto, USA) at 500 MHz and 300 K. Isolation of two AF derivatives. S. cerevisiae NBRC 0210 were cultivated as described above. After cultivation, the cells were removed by centrifugation at 4,000 G, supernatants were desalted using cation and anion exchange resins (SK-1B: 250 mL and SA 10 AP: 500 mL, Mitsubishi Chemical Corporation), followed by concentration using an evaporator. The two AF derivatives were separated by ligand-exchange chromatography on a UBK 530 column (Na + form, 30 700 mm, Mitsubishi Chemical Corporation) and were then purifi ed by HPLC. Reductive and oxidative activities. Enzyme activity was determined by measuring the concentration of NADPH. Reductive activity was measured as follows: A reaction mixture consisting of 50 mM Bis-Tris buffer (pH 7.0), 25 mM AF, 0.15 mM NADPH, and an appropriate amount of enzyme in a total volume of 2 mL was incubated at 30 C for 20 min. The decrease in NADPH concentration was determined by measuring absorbance at 340 nm. One unit (U) of the enzyme was defi ned as the amount of enzyme required to oxidize 1 μmol of NADPH per min. Oxidative activity was measured as follows: A reaction mixture containing 50 mM Tris-HCl buffer (pH 9.0), 100 mM substrate, 0.5 mM NADP + , and an appropriate amount of enzyme in a total volume of 2 mL was incubated at 30 C for 20 min. The resulting NADPH was determined by absorbance at 340 nm. One unit (U) of the enzyme was defi ned as the amount of enzyme required to reduce 1 μmol of NADP + per min. Properties of AFRs. The activity for various substrates was measured using the above standard assay conditions, with the substances listed in Table 1 as substrates instead of AF. The optimal temperature and stability was measured under standard conditions at 25 50 C. To measure optimal pH and pH stability, three kinds of buffers (pH 4.0 6.0, sodium acetate; pH 5.5 7.5, Bis-Tris; pH 7.0 9.0; Tris-HCl) were used. The effect of metal ions on the AFR-AM activity was evaluated as follows: To the enzyme solution, EDTA solution was added to give a fi nal concentration of 2 mM, and the mixture was incubated at 30 C for 30 min. Then, the activity was measured in the presence of 5 mM metal salts (BaCl2, HgCl2, ZnCl2, MnCl2, MgCl2, CaCl2, CuCl2 or CdCl2). Enzyme purifi cation of AFR-AG. Purifi cation of AFR-AG from S. cerevisiae NBRC 0210 was performed as follows. Cells (100 g wet weight) were grown under the same conditions described above except that the volume of the culture was 10 L. Cells were then harvested and resuspended in 400 mL of 20 mM Bis-Tris (pH 7.0; buffer A) containing 1.0 M sorbitol, 2 mM PMSF and 1 mM DTT, followed by lysis with 2 mg Zymolyase ® 100T at 30 C for 1 h. After sonication, cell debris was removed by centrifugation at 24,000 G for 15 min and the supernatant was then dialyzed against buffer A. Solid ammonium sulfate was added to the dialysate to give 30% saturation. The precipitate was removed by centrifugation and the supernatant was brought to 80% saturation. The resulting precipitate was collected by centrifugation, dissolved in buffer A and dialyzed against buffer A at 4 C overnight. The solution was then applied to a TOYOPEARL-DEAE 650M column (22 300 mm) and the active fraction eluted using a linear gradient from 0 to 0.5 M NaCl in buffer A. The reductase fraction was collected, desalted, applied to a TOYOPEARL-AF-Red 650M (30 100 mm) column, and active fractions were eluted and collected using a linear gradient from 0 to 2.0 M NaCl in buffer A. Ammonium sulfate was added to the active fraction to give 30% saturation and the solution was applied to a TSKgel Phenyl-5PW (7.5 75 mm) column equilibrated with buffer A containing 30% ammonium sulfate. After the column had been washed, the enzyme protein was eluted using a linear gradient of 30% ammonium sulfate from 30 to 0% in buffer A. The active fractions were collected and concentrated using Amicon Ultra-15 Urtracel-10 k (Nihon Millipore K.K., Tokyo, Japan). The desalted solution was applied to a Mono-Q column (4.6 100 mm; GE Healthcare UK Ltd., Little Chalfont, UK), washed with buffer A, and the active fractions were eluted using a linear gradient from 0 to 0.5 M NaCl in buffer A. Enzyme purifi cation of AFR-AM. Purifi cation of AFR-AM was performed as follows: The crude extract from S. cerevisiae NBRC 0210 was obtained as described above. The supernatant was applied to a TOYOPEARL-Super Q 650M (16 100 mm) column and eluted using a linear gradient from 0 to 0.5 M NaCl in buffer A. The active fractions were applied to a TOYOPEARL-AF-Blue HC 650M (16 50 mm) column and eluted using a linear gradient from 0 to 2.0 M NaCl in buffer A. The active fractions were re-chromatographed, the reductase fraction was applied to a TOYOPEARL-AF-Red 650M (16 25 mm) column, and the active fractions were eluted using a linear gradient from 0 to 3.0 M NaCl in buffer A. Protein analysis. Mr of the enzymes was estimated by SDS-PAGE. The mass of the protein under these non-denaturing conditions was determined by gel chromatography using a TSKgel Super SW 3000 column (4.6 300 mm) equilibrated with buffer A containing 0.3 M NaCl. The molecular weight and size of AFRs was determined using a Gel Filtration Calibration Kit, aldolase (158,000), conalbumin (75,000), ovalbumin (43,000), carbonic anhydrase (29,000), ribonuclease A (13,700) and aprotinin (6,500) (GE Healthcare UK Ltd.). Protein concentrations were determined using Quick Start Bradford reagent (Nihon Bio-Rad Laboratories K.K., Tokyo, Japan) with bovine serum albumin as the protein standard. Partial amino acid sequencing. The enzymes AFR-AG and AFR-AM were purifi ed by reversed-phase HPLC on a YMC-Pack PROTEIN-RP column (2.0 150 mm). For the following separation, each protein was digested with lysyl endopeptidase. The resulting peptides were collected separately and then purifi ed and sequenced using a Procise 49 X-HT Protein Sequencer system (Applied Biosystems Inc., Foster City, USA). Enzymatic production of AG. A reaction mixture containing 25 mM AF, 0.15 mM NADPH, 4 mU/mL AFR-AG and 20 mM Bis-Tris buffer (pH 7.5) in a total volume of 7.0 mL was incubated at 30 C for 4 h. AG produced was determined by HPAEC-PAD. In the case of the NADP-NADPH cycling reaction, L-xylose was added to the same reaction mixture described above at a fi nal concentration of 100 mM for 60 min.
RESULTS AND DISCUSSION
Bioconversion of AF to AG and AM by S. cerevisiae.
At a concentration of 60 mM, AF had no apparent effect on the growth of S. cerevisiae NBRC 0210 and was converted to its derivatives after glucose had disappeared from the medium. To prepare AF derivatives by S. cerevisiae, AF was added to the culture media after cultivation for 10 h, a time at which glucose would have been almost completely assimilated. This resulted in accumulation of several products in the medium. These products were isolated, purifi ed and identifi ed by 1 H-NMR as AG and AM. The spectrum of the two polyols matched those of authentic AG and AM. The decrease in the amount of AF as almost similar to that of the amount of AG and AM produced in the medium, with an almost equimolar ratio of AG and AM being observed (Fig.  1) . Concentrations of these polyols did not decrease from 30 to 50 h despite the absence of glucose and AF in medium, indicating that S. cerevisiae did not assimilate AG and AM. Furthermore, when 60 mM AG or AM were added to S. cerevisiae cultures and cultivated for 48 h, no conversion was detected.
The conversion of additional AF into AG has been reported in E. coli C600 15) and the erythroleukemia cell line K-562.
23) E. coli converted 3.0 mg/L of 0.02 mM AF to 1.5 mg/L of 0.01 mM AG, although AG did not accumulate in the medium. This indicated the reabsorbtion of AG for energy metabolism. Erythroleukemia cells converted 70 mg/L of 0.43 mM AF to 25 mg/L of 0.15 mM AG, whereas S. cerevisiae converted 10 g/L of 62 mM AF to 5 g/L of 31 mM AG. These results showed that the conversion effi ciency of S. cerevisiae is 200-fold greater than that of erythroleukemia cells. Therefore, the production of AG from AF using S. cerevisiae has several advantages, including high conversion and production rates. In addition, AG is released into the medium and is no longer utilized as an energy source.
Kühn et al. reported that S. morelense converted AF to AM, which was then oxidized to mannose. 9) As mentioned above, the conversion of AF to either AG or AM has been shown in living cells. Therefore this is the fi rst report of a double conversion of AF to AG and AM by one species, and also the fi rst to demonstrate AM production by a eukaryote. Animal tissues, plants and food contain AG, 11 13) whereas AM has been discovered in only one bacterium. 9) Highlysensitive analysis of AM may lead to its discovery in animals, plants and foods, and further research into its roles in eukaryotic cells.
Purifi cation and amino acid sequences of AFR-AG.
We attempted to isolate the enzymes involved in AG and AM production. Potentially, AG and AM are converted from AF by two specifi c reductases. Preliminary examination of culture medium and cell homogenates of S. cerevisiae showed enzyme activity only in cell homogenates, which states that these enzymes are intracellular in nature. The reaction requires only NADPH as a coenzyme, thus proving that NADPH is the sole cofactor required for the reaction and is suitable for use in the enzyme assay. The assay described above did not discriminate between AG and AM. Therefore, the reaction products of individual purifi cation steps needed to be analyzed using HPAEC-PAD. Before purifi cation, it was possible to detect both AG and AM after the crude enzyme had acted on AF. However, AFR-AM activity was lost following ammonium sulfate precipitation. We then used fi ve steps that achieved 300-fold purifi cation AFR-AG with a yield of 1.3%. Total activity, total protein and the specifi c activity of the purifi ed enzyme were 3.8 U, 0.16 mg and 24.4 U/mg, respectively.
Purifi ed AFR-AG was eluted as a single peak of 78 kDa by gel fi ltration chromatography. Further analysis using SDS-PAGE showed two bands of purifi ed enzyme at 37 and 38 kDa (Fig. 2(a) ). Reverse phase HPLC was then used to isolate the 38 kDa subunit. As the N-terminal of the subunit was blocked, we obtained fi ve fragments following digestion with lysyl endopeptidase. The amino acid sequences of these fragments matched NADP-dependent D-arabinose dehydrogenase (EC 1.1.1.117, ArDH). The ratio of the amount of the two bands was not constant on SDS-PAGE analysis and varied between different lots of AFR-AG purifi cation. Kim et al. showed the enzyme was a heterodimer with a dimeric structure, 24) whereas Bergen et al. using ArDH expression in E. coli, showed that the enzyme formed a 38-kDa single band on SDS-PAGE. 25) Amako et al. used Western blotting and peptide mass fi ngerprinting analyses to confi rm that this enzyme had a homodimer structure, with its N-terminal region undergoing post-translational degradation.
26) Based on these results, we concluded that AFR-AG (ArDH) has a homodimeric structure.
Enzyme properties of AFR-AG.
Oxidation of reducing sugars and reduction of organic compounds with two keto groups by ArDH has been reported, whereas there is no evidence of AF reduction by this enzyme. As shown in Table 1 , when the oxidation and reduction activities for various substrates were compared, AF was found to have the highest reducing activity. The Km and kcat values for AF reduction were 1.1 mM and 3.8 s , respectively.
24) The Km value for the reduction of AF in the present study was therefore low, and the selectivity for AF was higher than for the substrates in the aforementioned reports. The optimum temperature was 40 C and the optimum pH values for the reduction of AF and the oxidation of D-arabinose were 7.0 and 9.0, respectively.
AFR-AG showed reducing activity for 2,3-butandione in addition to AF, but not for any other sugar or organic compound (Table 1) . This substrate specifi city of AFRs (AG-forming) has also been demonstrated in pigs 14) and mice.
27) Moreover, multiple sequence alignments of these proteins showed a catalytic tetrad (D66, Y71, K100 and H131), and aldo-keto red motifs I, II and III (Fig. 3) , despite the low whole sequence identity of 30%. These motifs are conserved in the aldo-keto reductase family, which participates in the oxidation and reduction of various sugars. Based Reducing and oxidizing activity were determined as described in the Materials and Methods. Values are expressed relative to the reduction activity of AF. on these substrate specifi cities, enzyme kinetics and amino acid sequence homology, we concluded AFR-AG from S. cerevisiae should be classifi ed as a reducing enzyme, 1,5-anhydro-D-fructose reductase (AFR), rather than an oxidative enzyme, D-arabinose dehydrogenase (ArDH).
Purifi cation and amino acid sequences of AFR-AM.
Although the presence and function of AG in organisms has been reported previously, very limited information is available on AM. Hence, we isolated an enzyme that produces AM to aid research on the compound. During attempts to stabilize AFR-AM, we found that metal ions, such as Mg 2+ , Ba 2+ and Ca
2+
, maintained enzyme activity. Therefore, we added Ca 2+ to the buffer in this experiment. To separate AFR-AM from AFR-AG we used ion-exchange chromatography as the fi rst step, followed by enzyme purifi cation by repeat affi nity chromatography. Total activity, total protein and the specifi c activity were 0.18 U, 0.02 mg and 9.8 U/mg, respectively. Although a 200-fold purifi cation was achieved, the yield was only 0.1%, probably because of the unstable nature of AFR-AM. The molecular weight of AFR-AM was 41 kDa in gel-fi ltration and SDS-PAGE experiments (Fig.  2(b) ), which demonstrates that the protein was a monomer. The sequences of the N-terminal and two internal peptides generated by lysyl endopeptidase, showed that the protein was the NADP(H)-specifi c oxidoreductase YMR315W, which retained the ability to oxidize and reduce several sugars.
28) An alignment search of both enzymes showed sequence identity of only 15%, with no consensus sequences in either AFR. Based on these results we conclude that AFR-AG and AFR-AM belong to different enzyme families and that their amino acid sequences are completely different despite the two enzymes were used by S. cerevisiae to reduce AF.
Enzyme properties of AFR-AM.
AFR-AM was unstable, and therefore, only a small amount of purifi ed enzyme was obtained. The optimum temperature of the enzyme was 30 C. The thermal stability of the enzyme was low, and its activity was reduced by half after 30 min at 35 C, and inactivated after 30 min at 40 C. The optimum pH was 6.5 with a narrow pH range for stability. Incubation of the enzyme at either pH 5.5 or 8.0 for 30 min reduced the activity by 70%.
Substrate specifi city studies, similar to that for AFR-AG, showed that AFR-AM from S. cerevisiae reduced AF only at a rate of 1.0 μmol/min/mg, but did not oxidize any substrate. Hector et al. showed that recombinant YMR315W produced by E. coli reduced DL-glyceraldehyde at an activity level of 38 nmol/min/mg, in addition to having oxidation activity on monosaccharides (28 nmol/min/mg on L-arabinose).
28) These values are considerably smaller than those for AF reduction. These differences may be attributable to the amount of enzyme used, or possible alterations in substrate specifi city caused by structural changes due to heterologous expression. In addition, it is possible that there were some impurities in the enzyme preparation, as it is known that certain reductases in E. coli actively metabolise and detoxify aldehyde materials such as DL-glyceraldehyde.
29) Careful re-examination of the substrate specifi city of YMR315W is therefore needed to obtain a better understanding of differences in reducing activity and its physiological role.
The report on AFR (AM-forming) is only from the bacterium S. morelense S-30.7.5. 9) Comparison of the amino acid sequences of the enzymes showed a low identity of 20%. However, the NADPH binding motif (10-GxGxxA-15), the substrate binding motif (92-AGKxVxxEKP-101) and catalytic triad (K100, D183 and H187) were common in both enzymes (Fig. 4) . 30) These motifs were shown to be well conserved in a glucose-fructose oxidoreductase from Zymomonas mobilis, 31) inositol-2dehydrogenase from Bacillus subtilis, 32) Fig. 3 . Sequence alignment of AFR-AG from S. cerevisiae and mammals.
Sequence alignment of AFR-AG (ArDH) from S. cerevisiae, mouse (UniProt Q9DCT1) and pig (UniProt P82125) was performed by Clustal W. The partial amino acid sequences determined in this study are underlined. Gray amino acid sequence indicates the aldoseketose reductase motifs I, II and III, and asterisks show identical amino acids. Amino acids Asp66, Tyr71, Lys100 and His131, which form the catalytic tetrad of the putative active site, are boxed. and a mammalian D-xylose dehydrogenase, 33) with all enzymes participating in the oxidation and reduction of sugars of the GFO/IDH/MocA family. The presence of AF in S. cerevisiae, 16 the unique substrate specifi city of the enzyme and the amino acid sequence homology together suggests that AFR-AM from S. cerevisiae participates in the reduction of AF in vivo. Therefore, we concluded that YMR315W protein is 1,5-anhydro-D-fructose reductase (AM-forming). Hector et al. suggested that the YMR315W protein contributes to NADPH production as an alternative source of NADPH.
28) As mentioned, AF is the sole substrate for reduction by the YMR315W protein, suggesting that AF may play an important role in controlling NADP-NADPH cycling in yeast.
Applications and enzymatic production of AG. Figure 5 shows the enzymatic production of AG by AFR-AG following incubation with AF and NADPH. During the reaction, the increase in AG reached a plateau of 50 μM after 180 min. Although a suffi cient amount of NADPH was added to the reaction mixture, the reaction may have stopped because of lack of NADPH. We therefore tried to recycle NADPH using the NADP-NADPH cycling reaction.
L-Xylose was the most reactive substrate of the sugars tested in the oxidation reaction (Table 1) , and was therefore selected as the substrate for the coupling reaction. As shown in Fig. 5 , the addition of L-xylose to the reaction mixture after 60 min continually increased AG for 240 min up to a concentration of 75 μM, which is 1.5-fold greater than that in the control reaction. The enzyme also acted on D-arabinose, with the product of this oxidation being D-arabinolactone, which was then converted to erythroascorbic acid by D-arabinolactone oxidase.
24) Therefore, AG, and an ascorbic acid-like substance, can be prepared simultaneously by this recycling reaction of AFR-AG without the loss of NADPH. Sequence alignment of AFR-AM from S. cerevisiae and S. morelense S-30.7.5 (UniProt Q2I8V6) was performed. The amino acid sequences determined in this study are underlined. Gray amino acid sequence indicates the NADPH (10-GxGxxA-15) and substrate (92-AGKxVxxEKP-101) binding sites. Asterisks show identical amino acids. Amino acids Lys100, Asp183 and His187, which form the catalytic triad of the putative active site, are boxed. 
